were used to analyze the factors controlling ammonia distribution and flux in trout white muscle after exercise. Trout were exercised to exhaustion, and then an isolated-perfused white muscle preparation with discrete arterial inflow and venous outflow was made from the posterior portion of the tail. The tail-trunks were perfused with low (7.4)-, medium (7.9)-, and high (8.4)-pH saline, achieved by varying HCO, concentration ([HCO,] ) at constant Pco~. Intracellular and extracellular pH, ammonia, COZ, K+, Na+, and Cl-were measured. Muscle intracellular pH was not affected by changes in extracellular pH. Increasing extracellular pH caused a decrease in the transmembrane NH3 partial pressure (P NH,) gradient and a decrease in ammonia efflux. When extracellular K+ concentration was increased from 3.5 to 15 mM in the medium-pH group, a depolarization of the muscle cell membrane potential from -92 to -60 mV and a O.l-unit depression in intracellular pH occurred. Ammonia efflux increased despite a marked reduction in the P NH, gradient. Amiloride ( 10e4 M) had no effect, indicating that Na+/H+-NH:
exchange does not participate in ammonia transport in this system. A comparison of observed intracellular-to-extracellular ammonia distribution ratios with those modeled according to either pH or Nernst potential distributions supports a model in which ammonia distribution across white muscle cell membranes is affected by both pH and electrical gradients, indicating that the membranes are permeable to both NH3 and NH:. Membrane potential, acting to retain high levels of NH,+ in the intracellular compartment, appears to have the dominant influence during the postexercise period. However, at rest, the pH gradient may be more important, resulting in much lower intracellular ammonia levels and distribution ratios. We speculate that the muscle cell membrane NH,-to-NH,+ permeability ratio in trout may change between the rest and postexercise condition.
branes, exclusively by water-filled channels. However, NH,f is much more plentiful than NH3 and may also move by various carrier-mediated mechanisms (e.g., substitution into Na+/H+ exchangers; see Ref. 1).
Ammonia is the major end product of nitrogen metabolism (~70%) in ammoniotelic animals such as teleost fish. At rest, most ammonia is produced by transamination and deamination of amino acids in the liver (see Ref. 34 for review), but, during exhaustive exercise and hypoxia, large additional amounts of ammonia are produced in white muscle through the deamination of adenylates as ATP stores are degraded (6, 19, 25, 29) . In mammals, ATP stores are defended and intracellular and extracellular ammonia levels remain relatively low (9, 15, ZO), but in exercising fish muscle, ammonia production is sufficient to serve as an important intracellular buffer of the accompanying lactacidosis, as well as an important modulator of glycolytic flux at the level of phosphofructokinase (6). Furthermore, most of the ammonia produced appears to be retained in the muscle cells, together with inosine monophosphate, so as to fuel later resynthesis of the adenylate pool in fish (19, 29) . trout muscle; NH,; NH,'; intracellular pH; extracellular pH; Nernst potential AMMONIA IS A RESPIRATORY gas that behaves as a weak electrolyte in solution (13, 17) . With a pK of 9.0-10 under physiological conditions, >95% exists as NH,' and the remainder as NH3 (4). Whereas NH3 is often considered to be highly lipophilic, available data indicate that this is not the case and that the lipid versus water partition coefficient is co.1 (7). Diffusion through water-filled channels is likely to be much faster than diffusion through lipoprotein bilayers. NH: is charged and larger in ionic radius, especially in the hydrated form, and likely diffuses more slowly across cell memIn mammals, ammonia movement and distribution across muscle cell membranes traditionally follow the theory of nonionic diffusion (20); i.e., ammonia moves as NH3 according to NH3 partial pressure (PNHJ gradients and therefore distributes according to transmembrane pH gradients, because NH3 permeability (PNH3) is so much higher than NH: permeability (PNH: ; 13, 17). As illustrated in Fig. lA, this will lead to distribution ratios (intracellular to extracellular) of -4.0. However, several recent studies have questioned this hypothesis because of the finding of significant disagreement between the measured muscle-to-plasma distribution ratio for ammonia and that predicted by the pH gradient (9, 10). In fish muscle, the situation is also unclear (24, 34) . Most experimental studies (27, 29, 38, 39) , but not all (19), have indicated that intracellular ammonia levels after exercise are far higher than explicable by a pH-driven distribution, but very close to those predicted by a Nernst distribution between intracellular (ICF) and e x t racellular fluid (ECF), assuming a muscle cell membrane potential (E,) in the range of -80 to -100 mV. As illustrated in Fig. lB, this will result in a distribution ratio of -30.0. These studies suggest that the influence of E, on NH,' is the dominant factor governing transmembrane distribution, so that PNH: must be appreciable. However, this concept has been strongly criticized on theoretical grounds (ll), most notably because an "NH: shuttle" could result in an inwardly directed flux of H+ into the cells (38), creating an intolerable load for the intracellular pH (pHi) regula- tory mechanisms of the cell (Fig. 1B) . The situation is further complicated by the finding of Tang et al. (27) on postexercise trout in vivo that, despite an ammonia distribution between ICF and ECF apparently in accord with E,, experimentally increasing the extracellular pH (pH,)-pHi gradient by bicarbonate infusion resulted in a greater apparent retention of ammonia in white muscle. Our own recent in vivo study on trout muscle (29) indicated that ammonia distribution might change from a distribution governed by the pH gradient at rest to a distribution governed by E, after exercise, in contrast to an earlier study showing an Em-driven distribution under both circumstances (39).
co
In light of these uncertainties, the present study ncentrates on the postexercise situation and employs a perfused rainbow trout tail-trunk preparation that has been naturally loaded with ammonia via exerciseinduced adenylate breakdown (6, 27, 29, 39) . In the present report, the preparation is characterized and then used to examine the factors governing transmembrane ammonia distribution and flux in rainbow trout white muscle. Parallel studies with this preparation have examined the factors governing transmembrane lactate, metabolic acid, bicarbonate, and CO2 distribution and flux (Wang et al., unpublished results) . The approach eliminates many of the uncertainties associated with in vivo studies. In particular, the preparation allowed us to measure both the efflux to the perfusa te and the transmembrane distribution with respect to the venous side. Previous in vivo studies have not been able to monitor efflux and may have overestimated ICF-to-ECF distribution ratios because only arterial ECF samples were obtained. Furthermore, the preparation allowed us to manipulate the pH and electrical gradients between ECF and ICF. Extracellular bicarbonate levels were varied to alter pHi-pH,, high-ECF potassium was used to partially depolarize the muscle cell E,, and amiloride (1) was employed to block the possible involvement of Na+/H+-NH: carriers.
MATERIALS AND METHODS

Experimental Animals
Rainbow trout (500-600 g) were obtained from Spring Valley Trout Farm (Petersburg, Ontario) and then raised for 2-6 mo in a 800-liter fiberglass cylindrical tank with flowing dechlorinated Hamilton tap water (in meq/l: 0.6 Na+, 0.8 Cl-, 1.8 Ca2+, 0.5 Mg 2+ 0 04 K+* pH 8 0, temperature 5-12°C) .
. until the desired size (800-1,bOO g) was reached. During this period the fish were fed with high-protein trout grower floating pellets (Aquaculture Zeigler Brothers) three times a week. Before the experiment, fish were acclimated to 15 5 1°C for 5-7 days without feeding to standardize metabolic status. Exercised fish were used in this perfusion study to elevate muscle ammonia levels that naturally occur via adenylate breakdown.
Before perfusion, the fish were manually chased for 6 min to exhaustion in a 150-liter cylindrical tank (29). Immediately on cessation of exercise, the trout was transferred to a dark acrylic box containing 8 liters aerated water and anesthetized with MS-222 (0.5 g/l neutralized with NaOH). This resulted in loss of equilibrium and cessation of ventilation within 1 min without struggling. This method has been proven to cause minimum metabolic and acid-base disturbances (26, 30) . The tail was cut off at the level of the anus and weighed before perfusion. The unconscious fish was killed immediately after the tail was removed.
Experimental Protocols
Experimental design and perfllsate preparation. This study was designed to investigate how changes in pH and electrical gradients between ICF and ECF of muscle affect transmembrane ammonia flux and distribution. Cortland salmonid saline with 3% bovine serum albumin (BSA; fraction V, Sigma) was used as the basic perfusate. Ammonia already present in the distilled water and component salts was sufficient to provide normal resting arterial levels of total ammonia (Tbm; -50 umol/l) in the perfusate (27, 29, 30, 39 with 50 IU/ml sodium heparin (Sigma) to prevent blood clotting. The tail trunk was submerged in a temperature-controlled saline bath (15 ? 0.5"C) during the entire perfusion period, while the perfusate was pumped through a heat-exchange coil in a 15°C water bath. Sampling ports were placed in arterial and venous catheters to allow subsequent collection of inflowing and outflowing perfusate samples, respectively, and the outflow of the venous catheter was set to the level of the saline bath, i.e., zero pressure.
The perfusion preparation setup is shown schematically in Fig. 2 . The perfusate was gassed with 0.25% COZ, balance 02, for at least 60 min in a Plexiglas disc oxygenator to achieve the desired pH, Po2 and Pco2 levels. Precision gas mixtures were supplied by Wostoff gas-mixing pumps (Bochum, Germany) and saturated with water vapor before contact with the perfusate.
The oxygenated perfusate was then drawn through the heat exchanger by a peristaltic pump (Gilson Mininuls 3) and delivered to the tail trunk via a windkessel to dampen the pressure pulsatility. All tubing was stainless steel to minimize loss of 02 and COZ. The perfusion rate was kept at 2 ml emin-l* 100 g tail wt-l throughout, approximately twice the blood perfusion rate in trout white muscle under exercise conditions in vivo (23, 32). The perfusion pressure was monitored by a transducer (Narco Bio-System RP-1500) and registered on a Gilson ICT-5H polygraph chart recorder. This initial perfusion lasted for 30 min to ensure washout of red blood cells.
At 30 min, arterial and venous perfusate samples (2 ml) were collected via the sampling ports with the use of a gas-tight Hamilton syringes. A second (final) set of perfusate samples was taken after a subsequent 30 min of perfusion with nonheparinized saline of the same composition. Venous samples of perfusate were drawn before the arterial samples to avoid the potential effect of the brief inflow interruption on the composition of the venous outflow sample. In fact, this was not a concern at 60 min because the arterial sample at this time was taken simultaneously with the termination of the experiment.
At the 30-min sampling point, there was interruption of inflow, but the following 30 min of perfusion provided ample time for recovery.
Samples were analyzed for perfusate pH, Po2, total CO2 (Tco~), protein content, Tb,, lactate (Lac), Cl-, Na+, and K+. Tco~, pH, Po2, and protein content were measured immediately after sampling, while part of the perfusate sample (300 pl) was deproteinized with 8% perchloric acid (PCA, 600 ul), frozen in liquid Ng, stored at -70°C and neutralized before the later analysis of Lat. Perfusate (-500 ul) was also frozen directly in liquid Nz and stored at -70°C for analysis of TAmm and electrolytes.
At the time when the tail was cut off, an initial muscle sample (3-5 g) was taken from the area between the lateral line and the dorsal fin immediately anterior to the point of section. A final muscle sample (3-5 g) was excised from the same position on the perfused tail-trunk (but away from the cut surface) after the second perfusate sample (i.e., at 60 min). On excision, the muscle samples were freeze-clamped within 5 s with aluminum tongs precooled in liquid N2 and then stored in liquid Nz. The muscle tissues were used to determine pHi, Tco~, TAmm, Lac, Cl-, Na+, K+ and HZ0 content.
Analytic techniques. Frozen muscle tissue was ground to a fine powder in an insulated mortar and pestle cooled with liquid Nz. Muscle pHi was measured by the homogenization technique (22). One part of frozen tissue powder (-200 mg) was mixed with five parts of metabolic inhibitor (150 mmol/l potassium fluoride, 6 mmol/l sodium nitrilotriacetate, Sigma) in a 1.5-ml sealed centrifuge tube. The homogenate was then centrifuged at 9,000g for 30 s, and the supernatant was used to measure muscle pHi at 15°C with a Radiometer microelectrode (E5021) and PHM84 acid-base analyzer; muscle TcoB was also measured on this supernatant (Wang et al., unpublished results) . Part of the powder (-100 mg) was extracted with 1 ml 8% PCA, and the supernatant of this tissue extract was used to analyze tissue Tbm by the glutamate dehydrogenase method as modified by Kun and Kearney (14) . The rest of the frozen tissue powder was lyophilized for 64 h and then stored in a freezer at -70°C for later measurement of Lat. For measurement of ions, freeze-dried tissue powder (20 mg) was digested with 1 N ultrapure HN03 (1 ml) at 40-50°C for 48 h, and then the supernatant was used for Na+, K+, and Cl-analyses. White muscle water content ([H,O],) was determined by drying fresh tissue (0.5-l g) to a constant weight at 80°C. Perfusate was also deproteinized with 1 N HNOs. and the sunernatant was used for Na+ and K+ The perfusion pressure has been expressed as net inflow pressure exerted on the tail trunks only, calculated as the difference between the perfusion pressure with and without the tail trunks in the system (i.e., correcting for cannula resistance).
Inasmuch as the perfusion rate (2 ml. 100 g tail wt-l l min-l) was constant in each preparation, the perfusion pressure reflected the resistance of the tail trunk.
The ECF volume (ECFV, ml/g) and ICF volume (ICFV, ml/g) of white muscle in this perfusion preparation were estimated by [HBOlt and Na+, K+, and Cl-concentrations of the muscle and ECF (venous perfusate water in this case) using the "Cl--K+ space" approach of Conway (5) 
where the subscripted t and e are the concentrations in whole muscle tissue (mmol/kg for ions, ml/g for H20) and in ECF (mmol/l perfusate H20>, respectively. The estimate of ECFV was made on the basis of the assumption that ions in ECF have been fully equilibrated with venous perfusate after 60 min of perfusion.
The ICF ions and T Amm concentrations
where the subscripted i is the concentration in ICF, and S represents ions or Th,.
Oxygen consumption (Mo2) and CO2 efflux were calculated with the use of the Fick principle from the perfusion rate and the differences of gas content between inflow and outflow perfusate, e.g.
Mo,(mmol* kg-l *h-l> = perfusion rate X cx02 X APO, (5) where APo~ is 02 partial pressure difference between arterial and venous perfusate, and cx02 ( Therefore, the relatively lower pHi will trap more NH,f in the ICF (Fig. 1A) . However, if the cell membrane is permeable only to NH,+, ammonia will be distributed according to membrane Nernst potential (Em) only
where R, T, 2, and F are the gas constant, the absolute temperature, the valence, and Faraday's constant, respectively. Under equilibrium conditions, the negatively charged ICF will trap a great deal more NH: (Fig. 1B) and criticalrange test (P 5 0.05) was performed, with reference to the medium-pH group as the control. Student's paired t-test was used to evaluate differences within treatment groups between 30-and 60-min values. Simple unpaired t-tests were used to evaluate differences between the low-pH, treatment and the low-pH, plus amiloride treatment.
RESULTS
Condition of the Perfused Tail-Dunk Preparation
The perfusion pressure started at -15 cmH20 and, thereafter, slowly declined by -5 cmH20 as the perfusion proceeded for the first 30 min. However, this trend was reversed during the second 30 min, such that perfusion pressures at 60 min were 16-19 cmHzO. There were no significant differences in pressure between the four groups at either 30 or 60 min (Table 2 ). There was no visible red color in the outflow perfusate after 20 min of perfusion, indicating thorough washout of red blood cells. There were also no detectable differences in protein concentration (-3%) between inflowing and outflowing perfusate at any time. The [H201t of each treatment group after 60 min perfusion (Table 3) was not significantly different from that of initial muscle samples (0.786 t 0.016 ml/g wet tissue, n = 32, pooled total of 4 groups) and was, therefore, not affected by the experimental treatments. However, the high-K+ treatment caused a marked redistribution of internal fluid volumes, resulting in a 58% decrease in ECFV and a 5% increase in ICFV (Table 3) . Similarly, white muscle ICF Na+, K+, and Clshowed no significant changes as pH, varied, but Na+ and Cl-were altered markedly in response to high-K+ perfusion (Table 4) . ICF Na+ and Cl-increased by 35 and 280%, respectively, relative to the control group, whereas K+ remained unchanged despite the large increase of ECF K+ (=lS mM; Tables 4 and 5). It was not possible to compare these values with ICFV and ICF ion concentrations before perfusion because ECF measurements required for the intracellular calculations were not obtained when the initial muscle samples were collected. However, the ICFV and ECFV values of the three pH treatment groups, as well as the intracellular ionic concentrations after 60 min perfusion, were comparable to those of our previous in vivo study on exercised trout (29).
There were no significant differences of [Na+] or [Cl-] between inflow and outflow perfusate [arterial-venous (a-v) difference] in any of the three pH treatment groups after 60 min of perfusion (Table 5) . Despite the E, was not affected by perfusate acid-base status and averaged about -90 mV in the three pH treatments (Table 6 ). The increase in perfusate [K+] from 3 to 15 mM in the high-K+ treatment caused the intended partial depolarization (35%), reducing white muscle E, to about -59 mV (Table 6 ). In this group, slight muscle twitching was observed at the start of perfusion with high-K+ saline. In all treatments, E, remained unchanged when calculated with respect to either the arterial or venous ECF perfusate compositions (Table 6) .
Typically, there was a 250-to 350-Torr decrease in PO, from the arterial to the venous perfusate, and O2 uptake remained relatively stable over the course of perfusion in all four treatment groups ( Table 7) . The O2 supply did not seem to be exhausted, because venous PO, (~75 Torr) was far from being depleted. O2 uptake did not vary significantly among the three pH treatments, although it tended to be lower at reduced pH values. However, the high-K+ group exhibited a 20% increase over the control group in O2 consumption (Table 7) .
CO2 efflux was much greater than O2 uptake, a difference that varied in accord with perfusate pH from 0.7-fold in the high-pH to 3-fold in the low-pH treatment (Table 7) . Changes in pH altered COz efflux significantly. Although low-pH, treatment resulted in a 20% increase, the high-pH, treatment led to a 70% depression in CO2 efflux (Table 7) . These data were in approximate inverse relation to the simultaneously measured metabolic acid flux data (Wang et al., unpublished results) , suggesting that most of the CO2 efflux occurred in the form of HCO,.
Acid-Base Status
The intended differences in pH, among treatments were achieved (Fig. 3 , see Table l) , and nonbicarbonate buffer capacities (p> of perfusate used in the four treatment groups were not significantly different. The overall mean value was -5.54 k 0.15 mM [HCOJ pH/unit. As arterial pH (pH,) increased from 7.4 to 8.4, the a-v difference (ApH,_,) also increased from 0.13 to 0.34 units (Fig. 3) . However, the substantial differences in pHa among treatments (-1.0 unit between high-and low-pH perfusates) had no effect on muscle pHi, which remained at about 6.6 in this postexercise preparation. Therefore, the overall transmembrane pH gradient (ApH,-i) varied 1 inearly with pH,, from 0.70 at low pHa to 1.50 at high pH, (Fig. 3) . It should be noted that pHi measured in initial muscle samples taken immediately before the start of perfusion was 6.596 ? 0.026 (n = 30) and therefore identical to the 6.6 measured after 60 min in the three pH treatments.
In contrast to the pH treatments, the 35% reduction of the muscle cell E, induced by higher extracellular [K+] resulted in a significant depression in pHi to -6.4 (Fig. 3) . However, the overall ApH,-i (1.20) did not change in comparison to the control group (ApH,-i = 1.16). Venous pH also fell significantly, so ApH,-, almost doubled relative to the control group. pH Effects on Ammonia Distribution and Eflux Intracellular ammonia concentration (T,,,i) was -9,000 uM in this postexercise preparation, and there were no significant differences-among the three pH treatment groups after 60 min of perfusion (Fig. 4) small but significant increase in Th,i over the course of the 60 min perfusion.
Compared with the control group, there was a 47% decrease in venous ammonia (Tb,v) in the high-pH, group but no significant change in Thmv in the low-pH, group (Fig. 4) . In accord with the unchanged Th,i and pHi, there were no significant differences in intracellular P NH, among the three pH treatment groups; intracellular PNH3 averaged -150 uTorr (Fig. 5) . Nevertheless, as extracellular pH increased, transmembrane PNHQ gradients (intracellular to venous) dropped from 132:7 to 88.4 pTorr (Fig. 5) . This depressed transmembrane PNHQ gradient was mainly due to the elevation of venous PNHS induced by higher pH,.
In parallel to the depressed transmembrane PNH9 gradient, as pH, increased, TAmm efflux tended to de: crease (Fig. 6) . The high-pH, treatment caused a significant 47% decrease in TAmm efflux relative to the control group, whereas the 12% increase at low-pH, was not significant (Fig. 6 ). The measured transmembrane Th, ratio (Th,i/ T Amme) was calculated relative to the venous end, a conservative approach maximizing the potential for equilibration.
The ratio increased markedly as pH, increased (Fig. 7) . The lower venous Tbm (Fig. 4 ) contributed primarily to the higher ratio. For comparison, the transmembrane pH gradients at the venous end were used to estimate the TAmm distribution ratios (Eq. 9) assuming that the white muscle membrane is effectively permeable only to NH3. It is clear that Thm ratios calculated in this manner from the pH gradients were far from matching the measured ratios and indeed greatly underestimated them in all three pH treatment groups (Fig. 7) . Nonetheless, as transmembrane pH gradient increased, the pH estimated ratio increased in parallel with the elevation in the measured Tbm ratio ( Fig. 7) . The absolute differences between the measured and the pH estimated ratios remained almost unchanged as pH, increased.
E, Effects on Ammonia Distribution and E/flux
The membrane depolarization caused by the increase in extracellular K+ did not alter Tb,i significantly (Fig. 4) but caused substantial elevations in both Tbmv (Fig. 4) and T brn efflux (Fig. 6) group. This 77% increase in TAmm efflux occurred despite a substantial fall in intracellular PNH, from -170-100 uTorr and an associated 64% decrease in transmembrane PNHq gradient (Fig. 5) . The net driving force on NH:, calculated relative to the venous perfusate as the difference between the measured E, and the Nernst E, for NH,' (from Eq. JO), increased more than threefold from 6.6 t 2.6 (n = 6) to 20.1 t 4.7 mV (n = 11).
much as E, did not vary-significantly among the three pH treatments (Table 6) , the E, estimated TAmmi/Tbme ratios did not change significantly (Fig. 7) . In the low-pH, and medium-pH, (control) treatments, these
For comparison, the values of E, tabulated in Table 6 were used to estimate the Tbm distribution ratios (Eq. 10) on the assumption that the white muscle cell membrane is effectively permeable only to NH& InasTo look at the matter from another perspective, Nernst potentials were calculated from the measured intra-and extracellular [NH:] concentrations on the assumption that the muscle cell membranes are permeable only to NH,' (Eq. 10). The NH: estimated Nernst potentials agreed closely with recorded E, values in the low-pH, and medium-p& treatments, but were significantly more negative than E, in the high-pH, and high-K+ treatments (Fig. 8) . In general, these findings ratios analysis based on distribution agree with the (Fig. 7) .
Amiloride
Effects on Ammonia Distribution and Eflux
In general, the T hrn distribution ratios predicted from E, by Eq. IO, assuming that the white muscle cell membrane was effectively permeable only to NH:, agreed with the observed distribution ratios much better than did those predicted from pH gradients by Eq. 9, assuming effective permeability to NH3 only (Fig.  7) . This agreement was strongest in the low-pH, treatment. We therefore evaluated whether amiloride (lo-* M), an inhibitor of both Na+/H+-NH,' exchange and Na+ channels at this concentration (1), influenced the distribution and efflux of ammonia in the low-pH, treatment.
Amiloride had no significant effect on pH gradients or E, in the preparation (data not shown). Amiloride also had no significant effect on either the measured T Amm distribution ratio or the measured Tb, efflux rate (Table 8) . DISCUSSION E, estimated ratios were not significantly different from the measured ratios. They therefore agreed much similar to that of Moen and Klungsoyr (18) . In contrast to whole trunk preparations (16, 28, 33) , only the E va ua ton of the Tail-Bunk Perfusion Preparation: 1 t*
Comparison
With in Vivo Studies
The present perfused trout trunk preparation is more closely with the measured ratios than did the pH postanus region of the tail was perfused, thereby estimated ratios (Fig. 7) . However, in the high-pH, avoiding involvement of the kidney and allowing distreatment, the E, estimated ratio and the pH estiCrete collection of venous outflow from the caudal vein. mated ratio were similar, and both were significantly lower than the measured ratio . Relative to the control group, the high-K+ treatment caused a significant decrease in the measured TAmm distribution ratio, which was paralleled by a significant decline in the E, estimated ratio. In contrast, the pH increased slightly. In this case, the two estimated estimated ratio ratios
In this region, white muscle makes up -90% of the total soft tissue volume (8), the balance being mainly red muscle in a discrete band under the lateral line. The preparation therefore facilitates the measurement of metabolite fluxes between white muscle and ECF, but cannot preclude small contributions from red muscle. The perfusion flow rate of 2 ml. minl l 100 g were similar, and both were significantly lower than tail wt-l was chosen as a compromise between O2 the measured ratio, similar to the situation at high pH delivery requirements and measurement accuracy for (Fig. 7) .
AT Amm and other metabolites between inflow and out- Torr. This also suggests that the O2 delivery to the preparation was far from insufficient.
Acid-Base Status pHi in the perfused trunk preparation (-6.6; Fig. 3 > was very similar to that measured in the white muscle of exhaustively exercised trout in vivo and may be compared with resting values of -7.2 both in vivo (25, 27, 29, 36) and in vitro (16). As extracellular "respiratory" acid-base status was maintained constant at a resting level of arterial Pco2 in the postexercise tailtrunks, the acidotic pHi was due to intracellular "metabolic acidosis" (low HCO,, confirmed Wang et al., unpublished results). This was undoubtedly due to H+ generation from lactate production and ATP breakdown during exercise as documented in many studies, such as those cited above. The significantly lower pHi in the high-K+ group was likely caused by additional muscle twitching induced by membrane depolarization; these trunks had higher intracellular lactate levels. In the present experimental design, changes in extracellular acid-base status were achieved by purely "metabolic" adjustments (i.e., changes in HCO,) at constant PCO~ (Table l) , whereas in vivo after exhaustive exercise, both factors change: increased PCO~ and decreased HCO,. White muscle pHi remained constant at the postexercise level independent of extracellular HCO, and pH, in both this in vitro study (Fig. 3 ) and in trout in vivo infused with a large dose of HCO, after exhaustive exercise (27). These results suggest that metabolic acid-base disturbance in the ECF has minimal influence on intracellular acid-base statu s in white muscle, in contrast to the w .ell-documented influence of ECF respiratory acid-base disturbance on muscle pHi both in vitro (16) and in vivo (35).
Ammonia Distribution and E/flux
Assuming that passive movements of NH3 and NH: are the only routes by which ammonia can be released from muscle cells, then changes in PNH, gradients should dictate movements of the former, and changes in the net electrochemical gradients for NH,f should dictate the latter. Our experimental design manipulated the former by changing pH, (Fig. 3) and the latter by changing E, ( Table 6 ). The results show clearly that both factors had a significant influence on Tb, efflux from the preparation.
Thus, in the absence of changes in E, (Table 6) , T Amm efflux decreased as pH, increased (Fig. 6) , and therefore the PNFs gradient decreased (Fig.  5) Fig. 1A ). These ratios have fixed values for any fixed values of pHi-pH, and E,, but will change when pHi-pH, and E, vary. In the situation where both permeabilities are significant, the distribution ratio will be intermediate between the asymptotes set by pHi-pH, (low value of the ratio) and by E, (high value of ratio; see The exact value will be dictated by the exact value of PNH,/ PNH: as outlined in Eq. 12. In absolute terms PNHZ does not have to quantitatively exceed PNH3 for the distribution ratio to be dictated by E,. Because there is so much more NH,f than NH3 in solution at physiological pH, even if PNHL is only 10% of PNH3 (i.e., PNHJ PNH,+ = lo), then the ratio will approach the asymptote dictated by E,. It is important to note that this analysis assumes steady-state conditions and that all ammonia is freely diffusible.
Application of this approach to the present data set revealed several interesting features (Fig. 7) . First, it suggesting that production did not occur, and the measured distribution ratio was far below the maximum value predicted by E,. Alternately or additionally, there is considerable evidence from mammalian studies that a portion of intracellular ammonia may be protein bound or otherwise compartmentalized (see Ref. 38 for a detailed discussion) and therefore not available for free diffusive exchange. An additional explanation might be that ammonia is actively transported into the ICF; however amiloride had no effect. Local pH gradients, which can be different from bulk gradients, may also complicate the analysis.
Amiloride was tested in the low-pH, treatment where the observed distribution ratio most closely matched that expected from the effect of E, on NH:. The complete lack of effect of this drug (Table 8 ) at a concentration (10m4 M) that should block both Na+/H+-NH,' exchangers and Na+ channels (1) suggests that carrier mediation of this type is not involved in the movement of NH,f across the white muscle cell membranes.
Comparison With in Vivo Studies
Overall, the present results indicating an ammonia distribution after exhaustive exercise close to that predicted by E,, at least under the physiologically realistic condition of low pH,, agree well with a number of investigations on exhaustively exercised teleost fish in vivo (27, 29, 38, 39) . All of these studies have indicated that ammonia is distributed between white muscle ICF and ECF approximately according to E, and not according to pH,-pHi after exercise; i.e., PNH: effectively predominates. Nevertheless, just as in the present study, artificially raising pH, by HCO, infusion after exhaustive exercise in vivo markedly increased the distribution ratio, inasmuch as more Tb, accumulated in the ICF and less appeared in the blood plasma (27). Therefore, both in vivo and in vitro, PNH: is sufficiently large relative to PNH3 after exhaustive exercise that ammonia distribution is largely governed by E, acting on NH:. Nonetheless, PNH, is substantial, so ammonia efflux responds sensitively to the pH,-pHi gradient. These statements are not contradictory, for flux and distribution ratio are not the same quantity. Thus, in the dynamic postexercise situation at low pH,, the Nernst potential for NH: is almost identical to E, (Fig. 8) , so there is no net driving force for NH: to leave the cells, but there is a large PNH, gradient for NH3 to leave the cells (Fig. 5) .
Under resting conditions, intracellular production of ammonia is presumably very small due to an absence of adenylate breakdown. Nevertheless, most in vivo studies on resting teleost fish have indicated that ammonia is again distributed according to E, (27, 31, 38, 39) . Under these conditions, the electrochemical gradient for inward movement of NH,f would be balanced by the PNH, gradient for outward movement of NH3 (Fig. 1B) . Heisler (11) has objected to this conclusion on theoretical grounds. specificallv that the resulting inward "H+ 
